weeks at 40 F (4 C).
A revolution is taking place in the vinegar industry, as it gradually adopts the submerged fermentation process. This fundamental development comes after a period of about 130 years of using basically the same process: the "quick" vinegar generator. In other oxidative fermentation industries, the submerged process has become well established. From the first development in the case of yeast, up to the modern antibiotic production processes, the submerged fermentation procedure has shown superiority to other methods and has made possible an enormous advance in fermentation technology.
REVIEW OF LITERATURE
The submerged acetic fermentation process was developed for vinegar production by Hromatka and Ebner. These investigators found (1951a) that the method common in the preparation of antibiotics and yeasts could not be used because of the volatility of both ethyl alcohol and acetic acid. Great excess of air had to be avoided; hence, emphasis was placed on uniform distribution of small air bubbles in the substrate. On the other hand, Hromatka and Ebner (1950) found that going below a specific oxygen partial pressure in the substrate causes the respiration of the acetic bacteria to cease. The optimal aeration conditions for obtaining an optimal fermentation rate were found by these investigators. Their findings agree with those of Finn (1954) who states that microorganisms can use only dissolved oxygen in submerged fermentations, and that the rate of supply must at least equal the rate of demand in every portion of the culture liquid. Hromatka and Ebner (1951b) also studied the influence of complete interruption of aeration upon rate of fermentation, and found that 30 sec was a critical time. However, damage to the culture was variable and also depended to a large degree upon acetic acid concentration at the time of interruption.
The optimal temperature was found by Hromatka and Ebner (1953) to be between 24.3 and 29.7 C. The influence of temperature was found to be dependent upon the total concentration of acetic acid and alcohol. Frequent fluctuations in temperature within the optimal range caused a decrease in fermentation rate. The mashes employed by Hromatka and Ebner were red wines. These investigators (1949) reported that the mashes contained the nutrients essential to the cultures employed. However, except for alcohol content, no data on nutrients required or employed are given.
EXPERIMENTAL PROCEDURES
Description of equipment. Two sets of experimental acetators were built. One set consisted of four glass tubes 70 mm in diameter and 48 in. high. The other set consisted of 12 tubes 35 mm in diameter and 48 in. high. The acetators of both sets were equipped at the bottom with fritted glass filters of fine porosity mounted in rubber stoppers. Compressed air was passed through a pressure reducing valve and an air filter to a surge tank, from which air was fed through the fritted glass filters to each of the fermentation tubes. Regulation of the air flow to each acetator tube was achieved by needle valves or by screw pinch-type regulators on the rubber tube supply line from the surge tank to the fermentation tube. The size of the air bubbles varied between approximately A2 and 164 in. as determined visually and was controlled by the porosity of the fritted glass filters.
Glass tubing 9 mm in diameter bent in the shape of an "L" was extended upward through the stopper in the lower end of the tubes equipped with a short extension of rubber tubing on the protruding end. Pinch-type clamps were attached to the rubber tubing so that samples could be withdrawn.
Bacteria. All the pure cultures of bacteria used in this work were obtained from the American Type Culture Collection, Washington, D. C. Commercial, mixed cultures were obtained through the courtesy of 'National Fruit Product Company, Inc., Winchester, Va.
Composition and preparation of bacteriological media. Actively growing stock cultures were maintained on slants of yeast extract agar containing 0.5 % Difco dehydrated yeast, 0.3 % KH2PO4, 2 % glucose, and 2 % agar. The medium was adjusted to pH 6.0 i 0.2. Nutrient broth was prepared by dissolving 8 g Difco dehydrated nutrient broth in 1,000 ml of distilled water.
The basal medium employed in the fermentation studies was a modification of the medium used by Litsky and Tepper (1953) composed of the substances listed in Table 1 . The pH was adjusted to 7.9 to 7.5. At the start of the fermentations, acetic acid was added to the basal medium to adjust its total acidity to 1.5%.
An enriched basal medium was prepared for later studies which contained the vitamins shown in Table 2 in addition to the components of the basal medium. A separate formulation of the vitamins was prepared and combined into the original body. Selection of organism. Four fermentation runs were performed for the purpose of determining which one of six Acetobacter species was more suitable for submerged fermentation under the conditions that were present. The six species were: A. acetigenum, A. aceti, A. xylinum, A. ascendans, A. pasteurianum, and A. suboxydans. A mixed culture, obtained from a commercial "quick" generator, was also included in the tests.
The fermenting medium for each fermentation run was prepared as follows. A volume of 250 ml of the basal medium was placed in a 35-mm diameter glass propagation tube of identical construction to the fermentation tubes (acetators) described above. Air was fed at a rate to 20 liters per hour. Several slants of actively growing stock cultures of one species were washed into the same tube, and the total acidity of the mixture was adjusted to 1.5 % with acetic acid. Total acidity titrations were made every 24 hr. As the acetic acid content increased to 6 % as a result of the fermentation, dilutions were made to 2.5 %, using basal medium. The temperature in the room in which the fermentation tubes were placed remained at 78 i 2 F. The temperature of the fermenting liquid varied from 75 to 82 F.
Although the laboratory acetators were not sterilized, they were thoroughly washed and rinsed with distilled water before each fermentation run. Heavily seeded starters were used. The nutrient solutions used were essentially free of bacterial contamination. These factors in addition to the relatively low pH and highly aerobic conditions prevailing during submerged fermentation are highly conducive to the maintenance of an essentially pure culture during fermentation when such an inoculum is used.
Fermentation uniformity trials. Uniformity trials were conducted to detcrmine the base fermentation rate and Six working acetators were allowed to reach approximately 5 % total acidity, and then each was diluted to titrations of the fermenting mash in each acetator were made at intervals of 2 hr for a 48-hr period beginning when the dilution to 3.5 % was made.
Effect of concentration of ethyl alcohol upon rate of acid production. Commercial experience indicates that the rate of production of acetic acid is significantly lower when the concentration of alcohol in the fermenting mash is lower than 0.25 to 0.30 %. This experiment was performed to determine if low alcohol levels or depletion of the alcohol in the fermenting mash were causing a leveling off in rate of acid production by acetators. During four successive days, 100-ml samples were taken at random from three working acetators. Total acidity and alcohol determinations were made in the samples.
Effect of nutrient content upon rate of fermentation.
Another possible explanation of the seemingly erratic production of acid in different identically treated acetators is that the absence, or presence at too low a level, of an essential bacterial nutrient might at times slow down the rate of fermentation. The literature indicates that different species of Acetobacter have different nutritive requirements, but with the exception of A. xylinum (Litsky and Tepper 1953) , little information is found on the specific requirements of the different species.
In different tests, yeast hydrolyzate and a complex mixture of vitamins were added to the basal medium in six acetators, whereas six other acetators were treated identically except that yeast hydrolyzate or additional vitamins were not used. to incubate for 3 days at 28 C and for 1 week at room temperature. Daily observations were made at the end of the 3-day incubation period at 28 C.
Randomized Gram stains and simple stains were made of the cultures in the tubes, as well as of the growth obtained on the poured plates, to determine whether contaminating organisms were present.
Most probable number and standard plate bacteria counts. A search was undertaken for a fast method by which numbers of live organisms could be correlated with percent acetic acid in submerged acetic fermentations. The "Most Probable Number" procedure given in Standard Methods for the Examination of Water and Sewage (APHA, 1955) was investigated. A 10-ml sample was withdrawn from each of six acetators. Subsequent dilutions were made to 1:102, 1: 104, 1:106, 1:101, and 1:1010, using basal medium acidified to 1.5 % total acidity. Turbidity was observed both visually and with a photoelectric colorimeter.
Standard plate counts were also made for correlating numbers of bacteria with amount of acetic acid produced. Sterile Petri dishes were poured with yeast extract agar. A 1-ml inoculum of the fermenting mash was placed in the dishes. Triplicate sample dilutions of 1:102, 1: 104-1 106, and 1:108 were incubated at 28 + 2 C for 2 days after which total counts were made.
Effect of nutrient content and of dilutions of medium upon rate of acid production. Two tests were run, each one with six acetators. In one of these tests the acetators were charged with basal medium, and in the other test with enriched basal medium. The acetators were diluted to 3.5 % total acidity when the acidity level had risen above 5 %, which occurred within 24 to 36 hr. The fermentation was continued for 11 days in the acetators containing basal medium, and for 10 days in the acetators containing the enriched medium.
Fermentation trials employing the basal medium were conducted to determine what effect repeated dilution was having on the performance of each individual acetator. In these trials the acetators were dumped and recharged daily regardless of the acid level. After an exact 24-hr period a 2-ml sample was withdrawn from each acetator and the percentage of acetic acid was determined. A continuation of these daily fermentations was carried on until the cultures from four propagators had been depleted. Data were recorded for the acid level of the charge and for each individual acetator after the 24-hr fermentation.
Effect of degree of dilution upon rate of acid production.
The purpose of this experiment was to determine the influence of different dilutions of fermenting mash upon production of acetic acid. Three sets of two acetators were filled with 300 ml of basal medium. Each set was inoculated with 50 ml of partly fermented vinegar stock, taken less than 18 hr before from a tators were identically treated, except with respect to daily dilutions with basal medium. Every 24 hr during the 11 days that the experiment lasted, basal medium was added to the acetators. To two of these, 30 % of the volume of fermenting mash was added; to two other acetators, 20 % was added; and to the other two, 10 %. The dilutions were made in such a manner that the volume of 300 ml was kept constant in all tubes. Total acidity was determined before and after the dilutions.
Comparison of liquid and solid subculturing media as starters. This experiment was designed to find out whether subculturing acetobacter in a liquid medium under submerged fermentation conditions would produce a more reliable starter for the acetator tubes.
This work was thought advisable because acetobacter subcultures used to inoculate the propagation and the inoculation tubes often failed to produce cell multiplication and acetic acid, or failed to produce acetic acid although numbers of bacteria had increased. For this reason many of the experiments which are described above had to be performed several times before results from complete fermentation cycles could be obtained. Therefore, considerably more time had to be spent in each experiment than would be the case if the subcultures would function more reliably under submerged fermentation conditions.
A. acetigenum grown on yeast extract agar slant was transferred into nutrient broth contained in four Erlenmeyer flasks. The flasks were placed in a shaker and shaken continuously for 7 days in a room at 27 C (80 F). A ridge had been blown in the bottom of the flasks to promote more efficient aeration. Total acidity and optical density were determined at intervals during the incubation for the purpose of determining whether there was cell multiplication and acid production. Then the contents of the flasks were combined and placed in a submerged fermentation tube that contained a basal medium of pH 3.5.
The purpose was to observe whether submerged 429 and (ii) the effect of storage time at 4 C (40 F) upon liquid cultures.
Several gallons of partially acetified mash taken from an operating commercial acetator were placed in storage at 4 C (40 F) in hermetically closed bottles. Eighteen hours elapsed between removal of the mash from the acetator and the time in which the mash was placed in cold storage. A volume of 200 ml of the mash was mixed with 50 ml basal medium and placed in each of three 35-mm diameter submerged fermentation tubes. They were immediately aerated at a rate of 30 liters per hour. The temperature of the fermenting mash was from 78 to 83 F during the fermentation period of 3 to 5 days. Total acidity titrations were made every 24 hr until an increase in total acidity of at least 0.1 % was observed in each of 2 subsequent days.
If the minimal increase in total acidity was not ob- 
RESULTS
The six species of Acetobacter used were selected among several dozen well-recognized Acetobacter species on the basis of known characteristics and availability. t Highly significant, less than 0.1% probability that the variation between acetators in this test would happen by chance alone.
t Not significant, greater than 20% probability that the variation between acetators in this test would happen by chance alone. § Highly significant, less than 0.1% probability that the variation between treatments (starting at different acid levels) would happen by chance alone. It was thought that trial fermentations, in which each of 12 laboratory acetators received an inoculum identical in all known respects to that received by all the others, would establish a rate of fermentation characteristic of the existing conditions. Several uniformity trial fermentations done above as a part of the fermentation uniformity trials resulted in failure with respect to establishing a statistically significant, uniform rate of fermentation between acetators. The original plan was to study the nutritive requirements for the selected culture by using a very complete nutrient mixture which was known to support the growth of acetobacter, and compare results with those obtained when one nutrient was omitted. A set of 12 identical acetators was to be used for the experiment outlined above, 6 of which would have contained the medium containing all the nutrients, and the other 6, the medium in which one of the nutrients would have been left out. In experimental practice it was seen that such an approach was not possible because of the very large differences in fermentation rates observed in Most probable number bacterial counts done at several dilution levels showed no significant differences in turbidity. Results of standard plate counts are given in Table 6 . Results show lack of correlation between numbers of bacteria and total acidity.
A statistical analysis done on the data obtained above in effect of nutrient content and of dilutions of medium upon rate of acid production is shown in Table  7 . The results indicate that daily dilution to 3.5 % total acidity with the basal medium and the enriched medium both affect the rate of fermentation. Within treatments, no variation between tubes was observed when the basal medium was employed. Significant variations between tubes was found when the enriched medium was employed. Results also showed that variations in initial total acidity levels had a significant effect on the rate of fermentation. Table 8 shows the results obtained in the studies of effect of degree of dilution upon the rate of acid production. A statistical evaluation of the data indicates that there is a highly significant relationship between percentage dilution and mean production of acetic acid during the 11 days the test lasted. The acetators that were diluted 10 % produced significantly more acid than the acetators that were diluted 20 or 30 %. Those that were diluted 20 % produced significantly more acid than those diluted 30 %.
Results of experiments on the comparison of liquid and solid subculturing media as starters are presented in Table 9 . The data indicate clearly that cell multiplication took place, but that acid production was very little, almost nil.
In studies on the effect of pH of subculturing liquid media upon rate of multiplication of acetobacter, growth was observed only in all basal medium cultures of pH 3.9 and pH 5.0 of the mixed culture bacteria. No growth was observed in any of the other mixed culture treatments, nor in any of the A. acetigenum treatments. There was no acid production in any of the mixed culture or A. acetigenum treatments.
In the four times the experiment on the use of only liquid subcultures as starters was repeated, active fermentation was observed in all six fermentation tubes. Table 10 presents the results of the study on reliability of starter cultures. The culture taken from an acetator and used directly to initiate submerged fermentation in the laboratory was considerably more reliable as a starter culture than the other two cultures tested. Some of the species of bacteria present in the acetator mash, may not have grown on the yeast extract agar. This fact may account for part or all of the difference found between the acetator mash starter and the subcultured acetator mash bacteria suspension. The qualities of the acetator mash as a starter for submerged acetic fermentation were not affected by storage time of up to 11 weeks at 40 F.
DIscussION
When the research reported here was initiated, the main objectives were to determine some of the nutritional requirements of certain Acetobacter species when under submerged fermentation conditions, and to compare rates of submerged fermentation of pure cultures of several Acetobacter species. The objectives of the work had to be shifted as work progressed because of erratic fermentation rates obtained under submerged fermentation conditions, and because of difficulties encountered in starting submerged fermentations. Emphasis then was placed on finding a good starter and on factors affecting growth characteristics.
Difficulties in starting submerged fermentations are not only characteristic of laboratory conditions. Industry also finds this problem when fermentation is started in commercial acetators. The problem is of lesser importance in commercial practice because acetators can be kept in continuous fermentation for periods of months. Starting submerged fermentations becomes a major problem when, for research purposes, it is necessary to start them often. The results obtained in the work reported here, indicating that starters for submerged fermentations are more reliable when maintained in a liquid medium, may help obviate the problem. Once the submerged fermentation had started there were no major difficulties found in keeping it going for periods of several weeks. Longer fermentation periods were not attempted.
The most important problem found after fermentations had started was that of obtaining statistically significant equal rates of fermentation in acetators that were identically treated. The solution to this problem may be found in making relatively small dilutions of the fermenting mash and in timing these dilutions with decrease in rate of fermentation. The decrease in rate of fermentation can probably be determined under laboratory conditions by continuous mash temperature readings and also by continuous oxidation/reduction potential determinations.
Several factors influence rate of submerged fermentation in an important manner. The more important of these factors are oxidation/reduction potential, alcohol content of mash, dissolved oxygen content of mash, temperature, type of microorganisms present, and qualitative and quantitative composition of mash from the standpoint of bacterial nutrition. Maximal yields and truly continuous production of vinegar by submerged fermentation might be achieved by maintaining oxidation/reduction potential at the optimal value for maximal rate of fermentation during the whole course of the fermentation. The other factors that influence rate of submerged fermentation would also have to be adjusted within a range that would make the attainment of maximum rate possible. Research aimed at determining the optimum oxidation/reduction potential for maximal yield of acetic acid under submerged fermentation conditions would be worthwhile. In fermentation practice, it may be possible to maintain the optimal oxidation/reduction potential conditions by continuously charging vinegar stock in the acetator, and continuously discharging finished vinegar. It might be possible to do this by using solenoid charge and discharge valves and variable stroke proportioning pumps actuated by differences in oxidation/reduction potential.
There is a definite need for more basic information on the physiology of the Acetobacter, particularly as it concerns the factors affecting the starting of acetic fermentations under submerged conditions. There is scant information available on nutritive requirements of acetobacter. This lack of information becomes more critical in relation to the commercial production of white vinegar than to cider or wine vinegar. Commercially, mixed cultures of acetobacter are used both in the generator and in the submerged fermentation processes. Investigation of possible advantages in the use of pure cultures for submerged fermentation processes has merits, as the equipment is well suited to keeping cultures pure.
Information of the type mentioned above, both in regard to a continuous process and to physiology of the acetobacter, would probably contribute to higher yields and certainly to a better understanding of the process.
